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In Japan, tile exfoliation from external walls is a serious problem that must be prevented.
In our previous study, a tiled concrete sample was dried at a temperature of 105 1C for pre-
conditioning. Then, tile exfoliation occurred. Since this seemed to indicate a relationship
between tile exfoliation and moisture content, it was further pursued in this study.
First, drying experiments on concrete samples just after tiling were carried out under different
ambient air temperatures. The following results were obtained.
 Tile exfoliation occurs even at the lower drying temperatures.
 Tile exfoliation starts at corner tiles (seen in all experiments).
 When the average moisture content of the tiled concrete sample becomes lower than a
certain value, tile exfoliation occurs.
Next, the experiments were analyzed using a three-dimensional model of simultaneous heat
and moisture transport. The calculated moisture content agreed well with the measured
results. By comparing the measurement and simulation results, it is considered that the tiles
are exfoliated when the moisture content of the mortar on the back side of the tile becomes
lower than a certain value.
Therefore, the moisture content can serve as an index for evaluating the occurrence of the tile
exfoliation.
& 2013. Higher Education Press Limited Company. Production and hosting by Elsevier B.V.
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Southeast University.1. Introduction
Tile exfoliation from external walls gives signiﬁcant inﬂu-
ence on the rain penetration and the durability of the
external wall of the building. Sometimes, falling tiles cause
serious accidents threatening human lives, even in the caseand hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
Figure 1 Tile exfoliation from the veranda of an apartment
building.
Figure 2 Tiled concrete sample.
Figure 3 Weight change of sample (drying temperature is
105 1C).
S. Onmura et al.302of a low-rise building, and becomes a social problem than
before in Japan (Figure 1).
Although various measures have been taken to prevent
tile exfoliation, this problem has not yet been solved likely
because the real reasons for tile exfoliation have not yet
been clariﬁed. The following items are regarded as the
causes of tile exfoliation: expansion and shrinkage caused by the temperature and
humidity changes, freezing and thawing, and
 ultraviolet radiation.In real-world situations, tile exfoliation seems to be
caused by a complicated interaction among (and combina-
tion of) these factors.
In our previous research (Onmura et al., 2009), the
measurement of the hygrothermal properties of the con-
crete and water absorption experiments using a small-
scale concrete wall with tile ﬁnishing, were carried out to
evaluate the water penetration behavior in a tiled con-
crete wall. Along with these experiments, a drying experi-
ment at 105 1C using a tiled concrete sample (Figure 2) was
carried out to examine the inﬂuence of the heating.
Figures 3 and 4 show the weight change of the sample
and the propagation of the tile exfoliation, respectively.
Exfoliation occurred starting from the tile at the sample
corner, 1 day after drying started. Finally, all of the tiles
were exfoliated after 6 days. Tile exfoliation occurredat the boundary between the tile and the concrete body, as
shown in Figure 5.
From these results, a hypothesis (that tile exfoliation
occurs when the moisture content of the mortar on the back
side of the tile drops to a certain value because of drying)
was proposed, although, it might have occurred because of
temperature expansion. Under this hypothesis, the relation-
ship between the change of moisture content due to drying
and tile exfoliation was examined in this research. First,
drying experiments at 60, 75, and 90 1C were carried out to
determine whether tile exfoliation occurs at temperatures
lower than 105 1C. Next, a three-dimensional analysis of
simultaneous heat and moisture transport was carried out to
estimate the moisture content distribution inside the sam-
ple and its time proﬁle under the different conditions of the
drying experiments.2. Drying experiments
2.1. Outline of experiment
Drying experiments were carried out using three tiled
concrete samples, as shown in Figure 2. Tables 1 and 2
show the materials and the mixture proportions used to
make the concrete samples. The results of concrete testing
(fresh properties, compressive strength and Young's modu-
lus) are shown in Table 3.
The adopted tiling method is the standard method used in
the construction of Japanese apartment building. Tiles were
porcelain, with a size of 4.5 cm by 9.5 cm and a joint width
of 0.5 cm. The tiling process was carried out in the same
manner as used at a real construction site. Commercial
products compounded beforehand were used as the bonding
and joint mortars. Figure 6 shows the tiling method. As
described above, the tiled concrete sample was made
following the general speciﬁcations.
The weight changes of the tiled concrete samples were
measured during the different drying conditions 60, 75, and
90 1C. At the same time, the occurrence of tile exfoliation
was checked by a percussion method.
The drying temperatures were determined based on
results from a simple numerical simulation. Figure 7
shows the surface temperatures of an external wall under
Figure 4 Propagation of tile exfoliation with time (drying temperature is 105 1C).
Figure 5 Tile exfoliation of concrete sample.
Table 1 Materials used for making concrete samples.
Cement Normal (not high-early-strength)
Portland cement (speciﬁc gravity is
3.16)
Fine aggregate Mountain sand and crushed sand
(mixing ratio is 7:3; speciﬁc gravity is
2.57)
Coarse
aggregate
Crushed stone (speciﬁc gravity under
surface-dried conditions is 2.67;
largest dimension is 2.0 cm)
Admixture High-range air entraining and water
reducing agent
Table 2 Mixture proportions.
Weight per unit volume [kg/m3]
Cement Water Fine
aggregate
Coarse
aggregate
Admixture
[%]
333 180 846 909 0.7
The weight of the admixture is expressed as a ratio of the
cement weight. The water–cement ratio is 0.54.
Table 3 Results of concrete testing.
Slump [cm] 19.5
Slump ﬂow [cm] 32.0 30.0
Air content [%] 6.0
Temperature [1C] 21
Compressive strength (age is 4 weeks)
[N/mm2]
27.9
Young's modulus [N/mm2] 2.64 104
303Relationship between tile exfoliation and moisture contenta meteorological data taken for Osaka, Japan in 2007,
calculated by one dimension thermal calculation. The
wall temperature may rise above 75 1C depending on the
condition (see Table 4). Based on this result, the drying
temperatures were set at 60, 75, and 90 1C.2.2. Results of experiments
Figure 8 shows the weight change of the samples. In the
60 1C drying experiment, the sample weight increased
during a certain period when a dryer could not be used by
circumstances. This weight increase was caused by moisture
absorption that began when the sample was placed in the
atmosphere. The symbols (circle, triangle and square) in
Figure 8 indicate the time (and weight) of a tile exfoliation
occurrence.
It is evident that tile exfoliation occurs even at relatively
low drying temperature. In the 60 1C drying experiment, the
weight loss at which the ﬁrst tile exfoliated was -288.1 g.
The weight losses were 362.5 and 314.8 g in the 75 and
90 1C drying experiments, respectively. Thus, it can be said
that the weight loss at the point of initial exfoliation is
within a relatively narrow range, from 288 to 363 g.
S. Onmura et al.304Figure 9 shows the occurrence of tile exfoliation.
Tile exfoliation started at the corner of the samples in all
experiments.Figure 7 Calculated surface temperatu
Figure 6 Tiling method [unit of mm].2.3. Relationship between tile exfoliation and
change of moisture content
Because the initial (and air dry) weights of the samples were
different, the weight changes do not correspond to those of
the moisture content. Therefore, the moisture content had
to be calculated.
When the room air of temperature 20 1C and relative
humidity 70% is introduced into the dryer and heated to
90 1C, the relative humidity becomes 2.3%. If drying con-
tinues for a sufﬁciently long time, the sample will equili-
brate with this relative humidity. The volumetric moisture
content at equilibrium is evaluated as 0.0275 m3/m3 based
on the sorption isotherm of the concrete (desorption), as
shown in Figure 10. If the volumetric moisture content when
the sample is dried most can be assumed as equal to the
equilibrium value (W=0.0275 m3/m3), then the net volume
of the concrete (Vc, in m
3, not including the volume of
moisture and cavities) is derived from the measured sample
weight when the sample is dried most (G, in kg), the weight
of the tile (Gt=0.696 kg, constant), and the density (in the
dry state) of the concrete (pc=2163 kg/m
3), as shown in
Figure 11. Here, the density of the mortar (joint and
bonding) and the concrete is assumed to be the same.res of external tiled concrete wall.
Table 4 Calculation conditions for Figure 7.
Outdoor air temperature Data observed by the Meteorological Agency
(on August 17, 2007, Osaka, Japan: the highest
temperature was 36.2 1C)
Orientation of wall West-facing
Solar absorptivity of wall surface 0.9 (dark gray tile)
Outside overall heat transfer coefﬁcient 12.5 [W/m2 K] (air velocity of 1.0 m/s)
Thickness and thermal conductivity of concrete wall 0.15 [m], 1.6 [W/m K]
Thickness and thermal conductivity of tile 0.01 [m], 1.6 [W/m K]
Thickness and thermal conductivity of insulation 0.025 [m], 0.026 [W/m K]
Inside air temperature 28 1C (constant)
Inside overall heat transfer coefﬁcient 9.1 [W/m2 K] (air velocity of 0.3 m/s)
Figure 8 Weight change of tiled concrete samples during drying experiments.
Figure 9 Occurrence of tile exfoliation (drying temperatures are 60, 75, and 90 1C).
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Fig
S. Onmura et al.306GGt=Gc+Gw=pcVc+1000Vw
W=Vw/Vc
GGt=pcVc+1000VcW
G0.696=2163Vc+1000VcW
Vc=(G0.696)/(2163+1000W)
After the net volume of concrete (Vc, in m ) has been
decided, the volumetric moisture content for a given state3
(W′, in kg) can be calculated using the measured sample
weight (G′, in kg).
W′=(G′0.696-2163Vc)/(1000Vc)
The density and the sorption isotherm of the concrete were
derived from the measured results for the same concrete as
used in the previous research (Onmura et al., 2009).ure 10 Sorption isotherm of concrete (Onmura et al., 2009).
Figure 11 Calculation model of moisture content.
Figure 12 Change of volumetric moistFigure 12 shows the time proﬁle of the volumetric
moisture content obtained for each drying temperature.
The symbols (circle, triangle and square) in Figure 12
indicate the time (and volumetric moisture content) when
a tile exfoliation occurred. The ﬁgure shows that the
drying speed increases and tile exfoliation occurs earlier
at higher drying temperatures. The volumetric moisture
contents at which the ﬁrst tile was exfoliated, were
0.033, 0.030, and 0.032 m3/m3 in the 60, 75 and 90 1C
drying experiments, respectively. That is, tile exfoliation
occurs in a relatively narrow range from 0.030 to
0.033 m3/m3.
However, the obtained volumetric moisture content is
the average value of the concrete sample including
mortar and tile ﬁnish. In tile exfoliation, the moisture
content of the mortar on the back side of the tile is
considered crucial (Figure 5). Furthermore, the fact that
tile exfoliation started from the corner of the sample
(Figure 9) also suggests a close relation to the distribution
of the moisture content. Therefore, an analysis of the
moisture content distribution inside the sample (and its
time proﬁle) is carried out in the next chapter to clarify
this relation.ure content in drying experiments.
Figure 13 Schematics of simulation.
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3.1. Outline of analysis
Three-dimensional unsteady analysis was carried out, as
shown in Figure 13. A quarter of the whole sample (compris-
ing two complete and two halved tiles) was simulated
considering the symmetry. Simultaneous transport equa-
tions of heat and moisture were used as basic equations
(Matsumoto, 1978).
A third kind boundary condition was used at the surface
(concrete, bonding and joint mortar, and tile) adjacent to
the ambient air. Because the tile is non-permeable to water,
only heat transfer was calculated through the tile. There-
fore, the boundary condition of no moisture ﬂow wasFigure 14 Thermal conductivity of concrete.
Figure 15 Moisture conductivity related to water chemical
potential gradient of concrete.assumed at the boundary between the tile and the mortar
(bonding and joint mortar).
As the air temperature and humidity values around the
sample, the drying temperature and the absolute humidity
of the room were used, respectively.
As the initial temperatures of the samples, 20 1C was used.
The initial relative humidity of the samples was set at the
equilibrium humidity, with an initial volumetric moisture con-
tent obtained as described in the previous chapter. Regarding
the 60 1C drying experiment, however, the calculation was
started at the time indicated by an arrow in Figure 12.
As the hygrothermal properties of the concrete, the
measured (partially estimated) values using the same con-
crete samples were used (Onmura et al., 2009). Figure 14
shows the thermal conductivity of the concrete (measured
value and approximation). Figure 15 shows the moisture
conductivity related to water chemical potential gradient of
the concrete (estimated value). The two moisture conduc-
tivity curves indicate the maximum and the minimum
values. The maximum value was used for further calcula-
tion, because better agreement with the measured results
was obtained. The inﬂuence of the moisture content on the
thermal capacity was considered, and in calculating the
heat of phase change, the temperature effect was consid-
ered. Regarding the hygrothermal properties of mortar
(bonding and joint), the same values as those of the
concrete were used, by assuming that there is not a large
difference between concrete and mortar.
The thermal conductivity, density and speciﬁc heat of the
tile were set at 1.3 W/m K, 2400 kg/m3, and 837.21 J/kg K,
respectively. The density and speciﬁc heat of concrete (and
mortar) are 2163 kg/m3 and 837.21 J/kg K, respectively.
The overall heat transfer coefﬁcient was set at 22.5 W/m2 K
(wind velocity in the dryer: 3 m/s, convection heat transfer
coefﬁcient: 17.5 W/m2 K by the empirical formula of Jürges
(1924), and radiative heat transfer coefﬁcient: 5.0 W/m2 K).
The moisture transfer coefﬁcient was estimated to be
1.46 107 kg/m2 s Pa by assuming that the Lewis relation
holds. Regarding the saturated vapor pressure, the Goff–
Gratch approximate expression was used.
The equations were solved using an explicit ﬁnite differ-
ence method. A non-uniform mesh increment from 0.001 to
0.016 m was used, where the smaller mesh increments were
used near the sample boundary. The numbers of mesh units
were 27, 29, and 25 in X, Y, and Z directions, respectively.
In the standard ﬁnite difference method, where the mesh
increment is small, the time increment must also be small,
thus, computational time required becomes very large.
Therefore, a method that does not use the difference of
the time derivative (Nakazawa, 1978) was used in the
calculation. This method solves the ordinary differential
equation (with respect to time) that is derived by approx-
imating the state variables (temperature and chemical
potential) at the adjacent points as constants during one
time increment. Using this method, the time derivative was
set at 10.0 s.3.2. Results of calculation and discussion
Figure 16 shows the calculated volumetric moisture content
of the whole tiled concrete sample. The symbols (circle,
Figure 16 Comparison of measured and calculated changes of volumetric moisture content.
Figure 17 Calculated results (highest volumetric moisture content in four areas at drying 60 1C).
Figure 18 Calculated results (distribution of volumetric
moisture content at boundary between bonding mortar and
concrete body for drying at 60 1C, when the ﬁrst tile exfoliation
occurred).
S. Onmura et al.308triangle and square) in Figure 16 indicate the time (and
volumetric moisture content) at which tile exfoliation
occurred. The calculated results are in good agreement with
the measured values. In the 75 and 90 1C drying experiments,
larger moisture conductivity (Figure 15) was used, so that
agreement with the measured values could be obtained.
Further examination of this requirement is necessary.
Figures 17 and 18 show the calculated time proﬁles and
the distribution of the volumetric moisture content at theboundary between the bonding mortar and the concrete
body where tile exfoliation occurred (Figure 5) for the 60 1C
drying experiment. The back side areas of a corner tile, two
edge tiles, and a center tile were called from Area-A to
Area-D. Four curves in Figure 17 show the time proﬁles
of the highest volumetric moisture content in each area.
The highest moisture content at the corner (Area-A where
tile exfoliation occurs earliest) is lower than that at any
other area. This can be conﬁrmed from the data shown in
Figure 18. The highest volumetric moisture content at which
the ﬁrst tile exfoliation occurred was 0.033 m3/m3 (the
corresponding values were 0.030 and 0.031 m3/m3, at 75
and 90 1C, respectively, not shown in Figure 17).
If the tile exfoliation occurs when the moisture content
becomes lower than a certain value, this critical value could
be used as an index for an occurrence of tile exfoliation.
From these results, at least, the volumetric moisture
content must be higher than 0.033 m3/m3 in order to avoid
the tile exfoliation. The results also suggest that a suitable
control of moisture content may permit to prevent tile
exfoliation.
The reason why the tiles at all corners do not exfoliate at
the same time appears to be caused by the variability of
materials properties, bonding strength, and experimental
conditions. A more detailed examination is also necessary to
explain the order of tile exfoliation after the ﬁrst
occurrence.4. Conclusions
Drying experiments at different drying temperatures (60,
75, and 90 1C) were carried out to examine the relationship
309Relationship between tile exfoliation and moisture contentbetween tile exfoliation and the moisture content of a tiled
concrete sample.
The following results were obtained from the drying
experiments. Tile exfoliation occurs when the moisture content decreases
to a certain value, even if the drying temperature is
relatively low. Tile exfoliation starts at the corner of the sample.
 Tile exfoliation occurs at the boundary between the
bonding mortar and the concrete body.
Additionally, a three-dimensional analysis of simultaneous
heat and moisture transport was carried out to estimate the
moisture content distribution inside the concrete sample
and its time proﬁle under different drying conditions.
Regarding the average volumetric moisture content of the
whole sample, the calculated results are in good agreement
with the measured values. Furthermore, from the calcu-
lated results of the moisture content distribution, it can be
estimated as follows: At the position where tile exfoliation occurs (boundary
between the bonding mortar and the concrete body), the
volumetric moisture content is lower than it is at other
locations. The maximum volumetric moisture content at the loca-
tion of the ﬁrst tile exfoliation, were 0.033, 0.030, and0.031 m3/m3, in the 60, 75 and 90 1C drying conditions,
respectively.
From these results, at least, the volumetric moisture
content must be higher than 0.033 m3/m3 in order to avoid
tile exfoliation.
Therefore, it was concluded that the moisture content of
the mortar on the back side of the tile can serve as an index
for evaluating the occurrence of tile exfoliation, and
that tile exfoliation might be prevented by controlling the
moisture content.References
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